Aims: Fibrosis increases arrhythmogenicity in myocardial tissue by causing structural and functional disruptions in the cardiac syncytium. Forced fusion of fibroblastic cells with adjacent cardiomyocytes may theoretically resolve these disruptions. Therefore, the electrophysiological effects of such electrical and structural integration of fibroblastic cells into a cardiac syncytium were studied.
Introduction
While cardiomyocytes (CMCs) are responsible for the coordinated contraction of the heart by forming a functional syncytium of contractile cells via an extensive network of gap and adherent junctions, cardiac fibroblasts (CFBs) play a crucial supportive role. 1 Interactions between CMCs and CFBs are not only important for the optimal functioning of the healthy heart, but also play a major role in the adaptation to pathological conditions. 2, 3 For example, after myocardial infarction, the number of fibroblastic cells at the site of injury increases significantly, resulting in scar formation. While scar formation ensures cardiac integrity after damage, in the long run cardiac fibrosis negatively affects both the electrical and mechanical performance of the heart. 4 Cardiac fibrosis is a process of adaptation and repair involving replacement of damaged CMCs by fibrous tissue in response to injury (e.g. myocardial infarction), disease, and aging, which creates an imbalance between parenchymal and interstitial cells. Moreover, cardiac fibrosis increases tissue heterogeneity as it causes local accumulation of fibroblastic cells (particularly myofibroblasts) and excessive deposition of extracellular matrix, potentially disrupting normal conduction pathways. Cardiac fibrosis may also affect cardiac ion transporters and Ca
2+
-handling proteins through crosstalk between CMCs and cardiac (myo)fibroblasts. 5 As a result of the disruptive effects of scar fibroblasts on the cardiac syncytium, electrical impulse generation and propagation could become disturbed, leading to an increased pro-arrhythmic risk in fibrotic myocardium. 6 Although several studies have focused on the mechanisms underlying arrhythmia initiation and dynamics in fibrotic substrates [7] [8] [9] , relatively few studies have been undertaken to restore the interrupted electrical syncytium. 10 An obvious strategy to reduce the arrhythmogenicity associated with cardiac fibrosis, is to normalize as much as possible tissue composition, structure, and function and thereby reduce electrical heterogeneity. This goal may be achieved by increasing the number of excitable and/or well-coupled cells or by improving the electrophysiological properties of resident, non-excitable, poorly coupled fibroblastic cells. Both cell and gene therapy have been employed to reduce electrical heterogeneity at sites of cardiac injury. 11 Impaired electrical impulse generation and propagation in fibrotic myocardium can indeed be improved by transplantation of stem cell-derived CMCs, thereby lowering pro-arrhythmic risk, 12 although opposite findings have also been reported. 13 More direct approaches to improve electrophysiological function of fibrotic myocardium through genetic modification of cardiac (myo)fibroblasts have also been pursued, such as manipulation of their ion channel and/or gap junction protein expression levels. 10, 14 Also, direct cardiomyogenic transdifferentiation of (myo)fibroblasts via transcription factor-or microRNAbased reprogramming has been explored as a strategy to convert fibroblasts into CMCs. 15 Although theoretically this approach may succeed in restoring the electrophysiological balance in fibrotic hearts, cardiomyogenic reprogramming of cardiac (myo)fibroblasts is still inefficient and incomplete. 16 From a conceptual point of view, merging of myocardial scar cells into the cardiac syncytium may represent a mechanistically new approach to reduce fibrosis-related arrhythmogenicity.
Therefore, in this study, the electrophysiological effects of integrating fibroblastic cells into the cardiac syncytium by forced heterocellular fusion were investigated. To this purpose, human ventricular scar cells (hVSCs) were endowed with controllable membrane fusion capacity by transduction with a lentivirus vector (LV) encoding the vesicular stomatitis virus G protein (VSV-G).
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Methods
Expanded methods descriptions are available in the Supplementary material online.
Human tissue was collected in accordance with guidelines posed by the Medical Ethics
Committee of Leiden University Medical Center (LUMC), which follow the principles described in the Declaration of Helsinki. All animal experiments were approved by LUMC's Animal Experiments Committee and conformed to the Guide for the Care and Use of Laboratory Animals as stated by the US National Institutes of Health.
Isolation, culture, and transduction of hVSCs
hVSCs were isolated from surgical waste material consisting of myocardial scar tissue of patients undergoing left ventricular reconstructive surgery (n = 10) and cultured as described previously. 10, 18 Cells from all 10 patients were pooled and used at passage number 2-4 for further experiments. hVSCs were transduced with LVs encoding enhanced green fluorescent protein (eGFP) and the fusogenic VSV-G (LV.VSV-G/eGFP↑) or eGFP alone (LV.eGFP↑) to generate VSV-G/eGFP↑-hVSCs and eGFP↑-hVSCs, respectively.
Neonatal rat ventricular myocyte isolation and co-culture
Neonatal rat ventricular myocytes (NRVMs) were isolated as described previously. 19 Briefly, neonatal Wistar rats (2 days post-partum) were anaesthetized by 5% isoflurane inhalation, and adequate anaesthesia was confirmed by the absence of reflexes. Next, hearts were rapidly excised, and ventricles were finely minced and dissociated with collagenase type 1 (450 U/ mL; Worthington, Lakewood, NJ, USA) and DNase I (18.75 Kunitz/mL; Sigma-Aldrich, St. Louis, MO, USA). After selective depletion of most fibroblastic cells by pre-plating, the remaining cells (mainly CMCs) were mixed with hVSCs in a ratio of 4:1 for all co-culture groups and seeded on fibronectin-coated (Sigma-Aldrich) coverslips in 24-well plates (Corning Life Sciences, Corning, NY, USA). Co-cultures were established with untransduced hVSCs (UT-co-cultures),
VSV-G/eGFP↑-hVSCs (VSV-G/eGFP↑-co-cultures) or eGFP↑-hVSCs (eGFP↑-co-cultures). NRVM cultures without hVSCs (hereinafter referred to as NRVM cultures) were taken along as control whenever indicated. Cells were plated at a total density of 0.5-6 × 10 5 cells/well, depending on the assay. Twelve to 16 hours after plating, cultures were treated for 2 h with mitomycin-C (10 µg/mL; Sigma-Aldrich) to prevent proliferation of non-CMCs.
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Induction and assessment of cell-to-cell fusion
To induce intercellular fusion, cells were incubated with sodium 2-(4-morpholino-)
ethanesulfonate-buffered (Sigma-Aldrich) NRVM culture medium of pH 6.0 for 3.5 min at 37ºC in water vapour-saturated 95% air/5% CO 2 on Day 3 of co-culture. All co-cultures, including those containing untransduced hVSCs and eGFP↑-hVSCs and NRVM cultures underwent the same treatment unless indicated otherwise. Fusion efficiency was assessed by immunocytological assay and by phase contrast microscopy. Phase contrast analysis was done on Day 4 of co-culture (i.e. 24 h after induction of intercellular fusion) using a Carl Zeiss Axiovert 40C microscope. For each culture, 10 random fields of view were analysed. The total number of nuclei in each field of view was counted, as well as the total number of nuclei in heterokaryons (i.e. cells containing > 2 nuclei). The percentage of heterokaryonic nuclei per field of view was calculated and averaged for the 10 fields of view inspected per experimental group. VSV-G/eGFP↑-co-cultures were included for further assay when 40-60% of the nuclei were in heterokaryons.
Optical voltage mapping
Assessment of the electrophysiological effects of heterocellular fusion was performed by optical voltage mapping as described previously. 20 On Day 5 of co-culture, cells were loaded with potentiometric dye by incubation for 15 min at 37ºC with colourless HEPES-buffered DMEM/F12 containing 8 µM di-4-ANEPPS (both from Life Technologies, Carlsbad, CA, USA), and optically mapped using a MiCAM ULTIMA-L imaging system (SciMedia USA, Costa Mesa, CA, USA). To study the effect of K v current inhibition, cultures were optically mapped after a 10-min incubation with 40 mM tetraethylammonium chloride (TEA; Sigma-Aldrich) or 1 mM 4-aminopyridine (4-AP; Sigma-Aldrich) at 37ºC. were captured using the MiCAM ULTIMA-L imaging system. Cells were stimulated electrically at a frequency of 1-Hz. As a quantitative measure of Ca 2+ dynamics, the time for the signal to decrease to 63% of the peak value was determined using BrainVision Analyzer 1101 software (Brainvision, Tokyo, Japan).
Transwell assays
The effects of paracrine signaling of hVSCs on the electrophysiological properties of NRVMs was assessed by transwell assays. NRVMs were cultured as described previously, plated at a density of 6 × 10 5 cells/well on fibronectin-coated, 15-mm diameter, round glass coverslips and placed at the bottom of 24-well transwell plates (Corning Life Sciences). The transwell inserts (0.4 µm pore size) were seeded with hVSCs (1.5 × 10 5 cells/insert) or were left unseeded to provide negative controls. Cells were cultured in NRVM culture medium, which was refreshed every 48 h to allow ample exposure to paracrine factors. At Day 5 of culture, optical mapping experiments were performed as described above. To investigate the possibility of acute paracrine effects during optical mapping experiments, hVSC-seeded or empty inserts were cultured in DMEM/ F12 for 48 h, after which the culture medium was collected. This conditioned medium (CM) was subsequently used for potentiometric dye loading and during optical mapping.
Patch-clamp recordings
Patch-clamp measurements were conducted on Day 5 of (co-)culture with a conventional system consisting of a MultiClamp 700B amplifier and a Digidata 1440A A/D converter, controlled by Clampex 10 software (Axon CNS, Molecular Devices, Sunnyvale, CA, USA), as previously described. 21 Current-and voltage-clamp recordings were performed on single NRVMs, single hVSCs, and solitary heterokaryons. In addition, perforated patch-clamp recordings on NRVMs in confluent NRVM cultures, NRVMs adjacent to eGFP↑-hVSCs in confluent eGFP↑-co-cultures and heterokaryons in confluent VSV-G/eGFP↑-co-cultures were also performed to examine the AP characteristics in these cultures. Data sets were derived from ≥3 independent experiments.
Statistical analysis
Statistical analyses were performed using GraphPad Prism software version 6 (Graphpad Software, La Jolla, CA, USA). Unpaired Student's t-test, Fisher's exact test and one-way analysis of variance (ANOVA) with Bonferroni's multiple comparison test were used for comparisons between experimental groups. Data were expressed as mean ± standard error of mean (SEM) for a specified number (n) of observations with each observation representing an independent culture or cell. Results were considered statistically significant at P-values < 0.05. Statistical significance was expressed as follows: *P < 0.05, **P < 0.001, NS: not significant.
Results
Co-culture of NRVMs with hVSCs is pro-arrhythmic
Immunocytological staining showed that all hVSCs were positive for collagen type 1 (COL1), Figure 1C ). UT-co-cultures typically featured increases in action potential (AP) duration (APD; Figure 1D and E) and APD 80 dispersion ( Figure 1F ). This was associated with a much higher early afterdepolarization (EAD) incidence upon 1-Hz stimulation in UT-co-cultures compared with NRVM cultures ( Figure 1G and H). These data indicate that addition of hVSCs to NRVM cultures greatly increases their arrhythmogenicity.
To investigate whether paracrine signaling of hVSCs could render NRVM cultures proarrhythmic, hVSCs were cultured on a cell-impermeable membrane above NRVMs using transwell culture plates. These studies showed no significant difference in CV, APD 80 , APD 80 dispersion, and EAD incidence between NRVM cultures that had, and NRVM cultures that had not been exposed to paracrine factors released by hVSCs (Supplementary material online, Figure S2 ). Paracrine signalling by hVSCs thus seems not to be a major contributor to the high arrhythmogenicity of NRVM-hVSC co-cultures. 
Characterization of heterokaryonic fusion products
hVSCs were transduced with LV.eGFP↑ ( Figure 2A ; control vector) to generate hVSCs that were only eGFP + (eGFP↑-hVSCs; Supplementary material, Figure S3A ), or with LV.VSV-G/eGFP↑ ( Figure   2B ) to generate hVSCs expressing both VSV-G and eGFP (VSV-G/eGFP↑-hVSCs; Supplementary material, Figure S3B ). The transduced cells were then co-cultured with NRVMs. Brief exposure of these co-cultures to pH= 6.0 medium caused the VSV-G/eGFP↑-hVSCs, but not the eGFP↑-hVSCs, to fuse with surrounding NRVMs (Figure 2C and D) . Immunostaining of eGFP↑-cocultures showed the presence of ACTN + /hLMNA -cells (NRVMs) and of cells that were positive for COL1 and hLMNA (hVSCs; Figure 2C ). However, after induction of fusion in VSV-G/eGFP↑-co-cultures, large multinucleated cells were observed, which were positive for COL1 as well as for ACTN, confirming fusion of hVSCs with NRVMs into heterokaryons ( Figure 2D ). These cells contained on average 11.0±0.8 nuclei, of which 22.5±1.3% were positive for hLMNA ( Figure 2E) .
The VSV-G/eGFP↑-co-cultures did not show signs of apoptosis at 2, 4 or 6 after fusion induction,
as assessed by annexin V live cell staining (Supplementary material, Figure S4 ).
To further study the electrophysiological characteristics of heterokaryons at a functional level, patch-clamp experiments were performed on single NRVMs, single hVSCs and isolated heterokaryons. As expected, short depolarizing current-clamp stimulations (5 ms, 100-300 pA)
were sufficient to evoke APs in NRVMs ( Figure 3A ), but failed to initiate APs in hVSCs. The spiky response of hVSCs to the current stimulus reflects their inexcitability, as the response curve follows the discharge characteristics of a passive resistance-capacitance circuit ( Figure 3B ).
Under our experimental conditions, 1 out 2 heterokaryons (hereinafter referred to as responsive heterokaryons) readily elicited an AP upon stimulation ( Figure 3C ). Maximal upstroke velocity was 38.0±5.9 mV/ms for responsive heterokaryons, compared to 88.0±13.2 mV/ms for NRVMs ( Figure 3D ). AP amplitude did not significantly differ between these heterokaryons and NRVMs ( Figure 3E ), while the average APD 80 of responsive heterokaryons was considerably longer than that of NRVMs (480.6±90.2 ms vs. 110.9±8.0 ms, P<0.0022, N=10 and 8, respectively).
Furthermore, responsive heterokaryons had a resting membrane potential in between that of unfused hVSCs and NRVMs ( Figure 3F ). Being derived from multiple cells, heterokaryons possessed a larger cell membrane capacitance (C m ) than individual NRVMs or hVSCs ( Figure   3G ). These data indicate that forced heterocellular fusion yields electrically functional heterokaryons. 
Forced heterocellular fusion reduces arrhythmogenicity
To study the effects of heterocellular fusion in our fibrosis model, optical voltage mapping recordings were performed. Low pH-pretreated eGFP↑-and VSV-G/eGFP↑-co-cultures both showed convex 1:1 electrical propagation upon 1-Hz electrical stimulation ( Figure 4A ).
However, EAD incidence in fused VSV-G/eGFP↑-co-cultures was much lower than in eGFP↑-cocultures and similar to the EAD incidence in control NRVM cultures ( with main manuscript, Figure 4I ). This suggest that the arrhythmogenicity of unfused NRVMhVSC co-cultures is not due to abnormalities in Ca 2+ handling and that the beneficial effect of heterocellular fusion on fibrotic NRVM cultures does not result from the restoration of abnormalities in Ca
2+
.
Heterokaryons show abundant expression of gap junctional proteins
Immunocytological staining of eGFP↑-co-cultures for connexin43 (Cx43) gave strong signals at CMC-CMC borders, but very weak signals at hVSC-CMC interfaces. In contrast, heterokaryons showed abundant Cx43 expression, predominantly at heterokaryon-CMC and heterokaryonheterokaryon borders ( Figure 5A and B). In line with these findings, mRNA levels for Cx43 were significantly higher in fused VSV-G/eGFP↑-co-cultures than in eGFP↑-co-cultures. Western blot analyses also showed protein levels of Cx43 to be significantly increased in fused as compared to non-fused NRVM-hVSC co-cultures ( Figure 5C ). Figure 7C-F) . TEA treatment also significantly raised EAD incidence in VSV-G/eGFP↑-co-cultures, but not in eGFP↑-co-cultures where incidence was already high ( Figure 7G and H). On the other hand, exposure to 1 mM 4-AP, which inhibits average I Kv by only ~30% (see Supplemental material), did not increase EAD incidence in fused VSV-G/eGFP↑-co-cultures, despite its prolonging effect on APD 30 (Supplementary material, Figure S8 ). Collectively, these data demonstrate that upon TEA incubation, fused VSV-G/eGFP↑-co-cultures displayed a similar electrophysiological phenotype as unfused eGFP↑-co-cultures, in terms of APD, APD dispersion and EAD incidence. This strongly suggests that heterocellular fusion reduces the arrhythmogenicity of NRVM-hVSC co-cultures, at least partly, by enhancing repolarization force, consistent with the increased I Kv found in the heterokaryons. 
Discussion
The key findings of this study are as follows: first, co-culture of hVSCs with NRVMs creates a proarrhythmic substrate by favoring EAD generation. Second, transduction of hVSCs with an LV encoding the fusogenic VSV-G endows these cells with controllable membrane fusion capacity, which enables them to fuse with surrounding NRVMs, resulting in formation of functional heterokaryons expressing high levels of Cx43 and showing strong outward K v currents. Third, such forced cellular fusion of hVSCs with NRVMs reduces arrhythmogenicity in NRVM-hVSC cocultures by preventing EADs. Finally, enhanced repolarization force is an important contributor to this anti-arrhythmic effect of heterocellular fusion.
Electrophysiological consequences of fibrosis
Intercellular communication between adjacent CMCs via gap junctions enables cardiac tissue to act as a functional syncytium and to ensure well-coordinated electrical and mechanical activation of the heart. In cardiac fibrosis, excessive deposition of extracellular matrix and local accumulation of inexcitable fibroblasts leads to disruptions of this syncytium. 6 While in vitro models to specifically study the role of the extracellular matrix on arrhythmogenesis remain to be developed, cell culture models have provided detailed information on the potential proarrhythmic effects of fibroblast-CMC interactions. 5, 10 Consistent with these studies, our NRVMhVSC co-cultures were slightly depolarized due to the (weak) electrical coupling of NRVMs to hVSCs. 22 This slight depolarization and the consequential increases in Na v and K v channel inactivation could at least partly explain the lower CV, longer APD and slower repolarization in the UT-co-cultures compared with the NRVM cultures. However, electrical coupling of the inexcitable hVSCs to the surrounding NRVMs could also have contributed to the lower CV and increased APD in the fibrotic NRVM cultures, due to the resulting capacitive loading of the NRVMs and its prolonging effect on both depolarization and repolarization time. Finally, a decrease in contact area between NRVMs due to insertion of hVSCs in between NRVMs, resulting in less efficient electric coupling between CMCs, may also have reduced CV. Besides a lower CV, the slower repolarization rate (causing "triangulation" of the AP) in the I Ca,L window current region seems another important cause of the high arrhythmogenicity of the NRVM-hVSC co-cultures as it favours EADs. 23 Previous studies demonstrated that paracrine factors released by CFBs change the electrophysiological properties of CMCs. 24, 25 Transwell experiments showed that paracrine signaling from hVSCs did not have arrhythmogenic effects in our co-culture model.
These disparate results may be explained by the fact that these previous studies were either carried out with CMCs and CFBs of neonatal rats or with CMCs and CFBs of adult rats using cell ratios and time points of assessment different from ours. 24, 25 Paracrine signaling by CFBs could, however, still modulate other processes in CMCs, which were not investigated in this study.
Electrophysiological consequences of heterocellular fusion
Forced cellular fusion of hVSCs with NRVMs in NRVM-hVSC co-cultures resulted in an increase in CV, decreases in APD and APD dispersion, and, ultimately, in a lower EAD incidence.
Heterokaryons resulting from NRVM-hVSC fusion seem to primarily owe their negative MDP to However, furthering our understanding on the precise role of electrical coupling in cardiac impulse propagation after heterocellular fusion will depend on dedicated studies. These studies should also address to what extent heterokaryons are able to respond to subsequent pathological processes by gap junctional modulation, like normally occurs in damaged myocardium to prevent spread of death signals to surrounding healthy cardiac tissue. 26 Regarding the effect of heterocellular fusion on Ca 2+ handling, our patch-clamp data show that the average Ca 2+ peak current in heterokaryons is decreased compared with NRVMs, while Ca 2+ transient decay times are smaller in fused VSV-G/eGFP-↑-co-cultures than in eGFP↑-co-cultures. The underlying molecular mechanisms of these findings warrant further investigation, but previous studies have shown that decreases in I Ca,L and Ca 2+ transient decay time are associated with a reduction in EAD incidence. 27 In our co-culture model, repolarizing K + currents and opposing Ca 2+ currents seem to be the main determinants of EAD risk. Previously, APD prolongation associated with K + current downregulation was shown to be important in generating the I Ca,L -mediated component of EADs. 28 This is in agreement with our data, since inhibition of I Kv in fused VSV-G/eGFP-↑-co-cultures by TEA completely annulled the suppressive effect of heterocellular fusion on EAD incidence in fibrotic NRVM cultures.
However, it is likely that additional mechanisms add to the anti-arrhythmic effects of forced heterocellular fusion. For example, cell-to-cell fusion increases C m , which impacts electrophysiological source-sink relationships and thereby reduces the likelihood of EAD propagation. 29 As the anti-arrhythmic effects of forced heterocellular fusion seems to be the Taken together, the present study presents proof-of-concept of heterocellular fusion as a novel means to modify electrophysiological properties on a multicellular level. Our findings may also trigger the exploration of new treatment options for fibrosis-mediated arrhythmias aimed at increasing electrical homogeneity by heterocellular fusion or other means.
Clinical perspectives and study limitations
The extent and functional relevance of heterocellular coupling in healthy and diseased myocardium, especially between (myo)fibroblasts and adjacent CMCs, is still unclear. Dedicated transgenic animal models and specialized techniques are probably needed to unravel the role of CMC-CFB coupling in the intact heart as a prerequisite for translation of our results to the in vivo setting. 30 In fact, before heterocellular fusion could be considered as a possible therapeutic modality, several important issues need to be resolved. Whether heterocellular fusion is safe would have to be addressed first by investigating its effect on myocardial integrity, stiffness and contractility. Furthermore, although our results in the 2D co-culture model suggest an antiarrhythmic effect of heterocellular fusion, it is uncertain whether the same holds true in the 3D myocardium, with its complex anatomy and its different, disease-specific patterns of fibrosis. 31 Since our model was limited to a diffuse pattern of fibrosis, the effects of heterocellular fusion on other types of cardiac fibrosis remain to be investigated. In addition, apart from lowering pro-arrhythmic risk by decreasing EAD incidence, the APD-shortening effect of heterocellular fusion in VSV-G/eGFP-↑-co-cultures may also increase arrhythmogenic potential as it increases the risk for reentrant circuit formation due to a decrease in wavelength. 32 Although we did not find any evidence of reentrant tachyarrhythmias in our model, whether the same is true in vivo remains to be studied.
Regarding the limitations of our model, CMCs from neonatal rats were used since human CMCs could not be obtained in amounts sufficient for the experiments with monolayers presented in this study. Although these monolayers provide a standardized and controllable 2D model of fibrosis-related arrhythmias, these disorders normally occur in the 3D myocardium of diseased hearts. Nevertheless, 2D models with NRVMs have proven their usefulness as a model system for studying key electrophysiological processes of the heart. 33 Furthermore, while the beginning and duration of heterocellular fusion could be tightly controlled by timed exposure of the VSV-G/eGFP-↑-co-cultures to low pH medium, the quantitative aspects of fusion were less easy to control, but still allowed us to perform reproducible studies. This limitation resulted in heterokaryons of different composition and therefore with various degrees of excitability.
Hence, it would be important for future studies to develop a fusion method with greater control over the final composition and electrical properties of the fusion products. Nonetheless, even with the current approach, a fusion-dependent decrease in arrhythmogenicity of fibrotic CMC cultures could be demonstrated.
Conclusions
In summary, forced cellular fusion of hVSCs with NRVMs in confluent monolayer cultures yields functional heterokaryons and reduces arrhythmogenicity by preventing the occurrence of EADs. This decrease in EAD incidence is, at least partly, attributable to an increase in repolarization force, but is also associated with increased intercellular Cx43 expression and 
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Methods
Animal studies
All animal experiments were approved by the Animal Experiments Committee of the Leiden University Medical Center (LUMC) and conformed to the Guide for the Care and Use of Laboratory Animals as stated by the US National Institutes of Health.
Human ventricular scar cell (hVSC) isolation and culture
Human tissue was collected in accordance with guidelines posed by the Medical Ethics
Committee of the LUMC and adhered to the principles described in the Declaration of Helsinki.
hVSCs were isolated as described previously. 
Construction of self-inactivating lentiviral vector (SIN-LV) shuttle plasmids
Plasmid construction was performed using standard techniques or following the instructions accompanying specific reagents. 3 The construction of the monocistronic enhanced green fluorescent protein (eGFP)-encoding SIN-LV shuttle plasmid pLV.hCMV-IE.IRES.eGFP.hHBVPRE (main manuscript, Figure 2A ) has been described elsewhere. 4 The bicistronic SIN-LV shuttle plasmid pLV.hCMV-IE.VSV-G.IRES.eGFP.hHBVPRE (main manuscript, Figure 2B ), which codes for eGFP and for the vesicular stomatitis virus G (VSV-G) protein, was generated by insertion of the The abbreviations used in Figure 2A and B of the main manuscript are explained as follows: 
Neonatal rat ventricular cardiomyocyte (NRVM) isolation and co-culture
NRVMs were isolated as described previously. 6 Briefly, neonatal Wistar rats (2 days post-partum)
were anaesthetized by 5% isoflurane inhalation and adequate anaesthesia was confirmed by absence of reflexes. Hearts were rapidly excised and after removal of atrial tissue, the ventricles were finely minced and dissociated with collagenase type 1 (450 U/mL; Worthington, Lakewood, NJ) and DNase I (18.75 Kunitz/mL; Sigma-Aldrich). The resulting cell suspension was applied to Primaria cell culture dishes (BD Biosciences, Breda, the Netherlands) and incubated for 75 min at 37ºC and 5% CO 2 to allow preferential attachment of non-myocytes (predominantly cardiac 
Reverse transcription quantitative-polymerase chain reaction (RT-qPCR) analysis
Dedicated cell cultures samples were used for RT-qPCR experiments, which were performed as described previously. 8 Briefly, cells were lysed using TRIzol reagent (Life Technologies) and total RNA was isolated with the RNeasy Mini Kit (Qiagen, Venlo, the Netherlands). Reverse transcription was performed using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Veenendaal, the Netherlands). Connexin43 (Cx43) mRNA expression levels were quantified with the Bioline SensiFAST SYBR No-ROX kit (Meridian Biosciences, Singapore), using oligodeoxyribonucleotides: 5' GGGATAAGGGAGGTACACA 3' (rat Gja1-specific forward primer) and 5' CACTCAATTCATGTACACAGACT 3' (rat Gja1-specific reverse primer). For normalisation purposes, 18S rRNA sequences were amplified in parallel using pirmers: 5' GTAACCCGTTGAACCCCATT 3' (rat Rn18S-specific forward primer) and 5' CCATCCAATCGGTAGTAGCG 3' (rat Rn18S-specific reverse primer). PCR amplifications were performed using a CFX96 Touch Real-Time PCR detection system (Bio-Rad Laboratories). For data analysis and analysis CFX Manager Software version 3.1 (Bio-Rad Laboratories) was used.
Western Blotting
Cells were washed 3 times with ice-cold PBS and lysed on ice in RIPA buffer (50 mM Tris-HCl 
Apoptosis assay
Apoptosis in our cell cultures was assessed by labeling with Alexa Fluor 568-conjugated annexin V (Life Technologies). Cells were cultured on glass coverslips in 24-well cell culture plates as described previously, and assays were performed on day 5, 7 and 9 of culture, i.e. at To study the effects of Kv current inhibition, cells were perfused with extracellular solutions consisting of (in mM): 11 glucose, 10 HEPES, 5.4 KCl, 1 MgCl 2 , 1.8 CaCl 2 and either 40 TEA plus 86 NaCl or 1 4-AP plus 126 NaCl. The pH of these solutions was adjusted to 7.40 with NaOH.
Whole-cell capacitance (C m ) was calculated from capacitive transient currents evoked during 5 mV steps from a holding potential of -50 mV using the membrane test feature of pClamp 10 software. Subsequently, C m and the series resistance (>75%) were compensated electronically. C m was used as a measure of cell size for current normalization.
Monolayer recordings were performed in confluent cultures on spontaneously active cells using a perforated patch-clamp method. 9 Recordings encompassed NRVMs in NRVM cultures, 
Statistical analysis
Statistical analyses were performed using GraphPad Prism software version 6 (Graphpad Software, La Jolla, CA). Unpaired Student's t test, Fisher's exact test and the one-way ANOVA test were used for comparing different experimental groups. Data were expressed as mean±standard error of mean (SEM) for a specified number (N) of observations. Results were considered statistically significant at P values <0.05. Statistical significance was expressed as follows: *: P<0.05, **: P<0.01, ***: P<0.001, NS: not significant.
Results
Ionic membrane currents in heterokaryons
In order to explore the anti-arrhythmic mechanisms of heterocellular fusion in more detail, patch-clamp experiments were conducted to compare whole-cell (WC) membrane current profiles of single NRVMs, single hVSCs and isolated heterokaryons. NRVMs showed voltagestep evoked WC-currents, typical for these excitable cells ( Figure S7A) . 10, 11 Inward rectifier currents (I Kir ) were observed upon hyperpolarizing voltage steps below -80 mV ( Figure S7A, D, E) . Figure S7A inset and F). The complete inhibition of these currents by 10 mM nitrendipine (N=8, data not shown) confirmed their identity. T-type Ca 2+ currents were not investigated, because these currents are of minor importance in NRVMs. 12 Relatively small depolarization-activated outward currents (I ov ) could be evoked upon steps to voltages > 0mV. These currents are best recognized at voltages where the other currents are close to zero (main manuscript Figure 6 and Figure S7A, D and E) . The mean peak current-voltage (I-V) relationship of the total NRVM WC-current densities shows the typical I-V profile of these cells ( Figure S7D ).
In contrast to NRVMs, WC-current records and I-V profiles of hVSCs showed absence of I Kir , I Nav and I CaL , but presence of I ov , consistent with inexcitable cell properties ( Figure S7B, D) .
The WC current-records of heterokaryons were not simple proportional additions of those of NRVMs and hVSCs. Upon stimulation with a defined current pulse, about half of the heterokaryons responded by eliciting an AP (main manuscript, Figure 3C ). In current records of responsive heterokaryons, I Kir , I Nav , I CaL and I ov could be easily recognized ( Figure S7C with inset, D, F). I Kir was strongly diluted and I Nav showed smaller current densities compared to NRVMs. This current could, however, not be evaluated quantitatively, because a reliable measurement of this current was not feasible in cells with such large C m , as apparent from its slow time course.
Peak I CaL was much less diluted than I Kir ( Figure S7F ). The peak I ov density of the heterokaryons was similar to that of hVSCs at all positive potentials and to that of NRVMs around 50 mV ( Figure   S7G ). The average I ov density of heterokaryons was clearly increased at all positive potentials ( Figure S7H ) and showed an overall slower inactivation time course in comparison with NRVMs and hVSCs (main manuscript, Figure 6B-C) . Pooled results show I-V curve profiles between that of responsive heterokaryons and hVSCs ( Figure S7D, F) . We concluded that I ov was mainly Kv-current, as it was largely inhibited by 40 mM external TEA (main manuscript, Figure 6D -E), while inhibition by 1 mM 4-AP was ~30% (N=6, data not shown). Taken together, these data show that heterokaryons share cardiomyocytic and fibroblastic currents to a variable degree, with cardiomyocytic I Kir density being most diluted by the heterocellular fusion, with I CaL being upregulated for partial compensation of the dilution and with the average heterocellular I Kv density being larger than I Kv of hVSCs and of NRVMs. Thus, NRVMs contribute elements of excitability to the heterokaryons, while hVSCs contribute increased repolarization force to these fused cells.
Supplementary Figure S7 . Membrane current profiles of single NRVMs, single hVSCs and solitary heterokaryons. Families of representative whole-cell current recordings of an (A) NRVM, (B) hVSC and (C) responsive heterokaryon. To obtain the recordings in A-C, 400-ms voltage pulses between -120 and +80 mV were applied in 10-mV increments every 5 s from the holding potential (Vh) = -80 mV. Calcium-current (I Ca,L ) traces in inset A and inset C were recorded at Vh = -40 mV to fully inactivate voltage dependent Na + current (I Nav ), and the test pulses were from -60 mV to 40 mV with 10 mV increases, separated by 5-s rest intervals. Voltage-current (I-V) relationship of the (D) total peak and (E) steady state current
